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A LAKE ERIE STORM SURGE FORECASTING TECHNIQUE

William S, Richardson and N. Arthur Pore

ABSTRACT

Two methods for forecasting storm surge on Lake Erie at Buffalo, New
York, and Toledo, Ohiojare presented. One method is for manual use at a
Weather Bureau Forecast Office; the other is for use on a computer at a
meteorological center where numerical weather forecasts are available as
input. Both methods were derived by screening regression. Each method is
tested with dependent and independent data. Hourly storm surge test forecasts
13 to 24 hours in advance for four storm surge cases at Buffalo and Toledo

are forecast by the computer method with actual numerical forecasts of sea-
level pressure as input,

INTRODUCTION

Storm surges on Lake Frie certainly do not constitute a new problem,
but they have been gaining in Importance with the growing population which
is dependent on Lake Erie for electrical power production and transportation,

The Lake Erie storm surge has been the subject of numerous investigations.,
The problem was first considered by Henry [3] and Garriott [1] in 1902, The

the possibility of predicting the occurrences of the most pronounced changes
in the level at the eastern end of the lake. The paper by Garriott [1]
included charts that describe graphically over 200 of the more important

storms that passed over the Great Lakes during the 25-year period from 1876
to 1900,

Lake Erie is nearly 240 miles long and almost 40 miles wide. The
average depth of the lake is approximately 60 feet. Figure 1 shows that the
major axis of Lake Erie is oriented in a west=-southwest-east-northeast
direction, a direction in which strong winds can develop and persist under
normal meteorological conditions [6]. Previous studies by Irish and Platzman
[4] have shown that storm surge on Lake Erie is caused primarily by the action
of wind stresses on the lake surface. Other factors of less importance are
the effect of atmospheric pressure, which causes higher water levels in areas
of low pressure, and the modifying effects of shoreline configuration and
bathymetry [8]. The southwest winds associated with low pressure systems
that pass to the north of Lake Erie tend to push the water from the Toledo
end toward the Buffalo end, while the winds associated with low systems
which pass to the south of the lake have the opposite effect, The departures
of the Buffalo and the Toledo lake levels from their respective monthly means
are the storm surges at Buffalo and Toledo respectively,



High water at Toledo causes flooding, while low water poses a hazard to
navigation. The change of the lake level at Buffalo has a significant effect
on the power production on the Niagara River, A change of one foot produces
a change of about 20,000 cubic feet per second in discharge, about 10 per-
cent of the normal transport.

Irish and Platzman [4] refer to the storm surge at Buffalo minus the storm
surge at Toledo as set-up. They have compiled frequency data on the incidence
of extreme set-up on Lake Erie. Their study revealed that there were 76
cases in which the set-up exceeded 6.0 feet in magnitude in the 20-year period
1940 through 1959. Frequency intensity data for the 76 cases are presented
graphically in figure 2. Figure 3 shows the frequency distribution by month
for the 76 cases. Most of the set-up cases occurred in the six-month period
October through March. More than 70 percent of the cases occurred in the
three months November, December, and January.

All of the techniques developed to forecast Lake Erie storm surge may
be classified as either dynamical models or statistical models. The models
developed by Platzman are good examples of the dynamical approach., Several
years ago Platzman [7] developed a two-dimensional dynamical model for
predicting Lake Erie storm surge. More recently he developed a simplified
one-dimensional model [6]. Input data for this model are observed and
forecast winds issued by a Weather Bureau Forecast Office. The wind values
are applied to a set of precomputed tables to obtain a forecast of the lake
level at both ends of Lake Erie.

Reference is also made to Keulegan [5] for his work in determining the
coefficient of wind stress and sea roughness over Lake Erie, These determin-
ations were obtained by considering the deduced winds over Lake Erie, and
the maximum wind set-up observed when severe westerly gales passed over the
lake.

Harris and Angelo [2] applied the regression technique to Lake Erie
storm surge with excellent results. Their regression equations were derived
from hourly wind and pressure observations at six stations around Lake Erie.
This technique was never used operationally because one of the reporting
weather stations was closed, and the anemometers that furnished input data
into the regression equations were changed soon after the derivation of the
regression equations.

DEVELOPMENT

The Lake Erie storm surge studies previously mentioned have provided
excellent background information. 1In fact, our approach to the task of
developing a method for forecasting the storm surge at Buffalo and Toledo is
patterned after the storm surge study by Harris and Angelo [2]. Two fore-
casting techniques were developed:



(1) A computerized technique that can use sea-level pressure as forecast
by the National Meteorological Center's (NMC) Primitive Bquation
(PE) model and,

(2) A manual technique that can be usedby a Weather Bureau Forecast Office,

The reason for developing the manual technique is that it will be a useful
technique if it is not practical to implement the computerized technique,

The screening regression procedure was used to develop these two
techniques. We chose the statistical approach for two reasons:

(1) The study by Harris and Angelo [2] demonstrated the excellent
results that could be obtained through a statistical screening
procedure.

(2) Platzman has already done a great deal of work using the dynamical
approach. 1In fact a trial procedure for the operational prediction
of storm surge at Toledo using his one-dimensional model was carried
out by Weather Bureau Forecast Office, Chicago.

We applied the regression technique to the same lake level data used by
Harris and Angelo [2]. This sample of data consists of 19 dependent storms
and 11 independent storms which occurred during the period 1940 through 1959,
Our approach differed from the approach by Harris and Angelo in that we
represented the pressure and wind over Lake Erie by sea-level pressure at a
network of grid points in the area of the lake rather than by observed
winds at stations surrounding the lake. We did this in order to avoid the
problems of weather stations being closed and anemometer heights being
changed that were encountered by Harris and Angelo, Sea-level pressure
values at the network of grid points were interpolated from sea-level
pressure charts. Such data will be available regardless of changing density
or patterns of weather observations.

Figure 4 shows the 25 NMC grid points at which sea-level pressure was
recorded. The grid points are approximately 200 nautical miles apart. The
grid, which has a heavier concentration of points to the west and to the north
of Lake Erie, was designed to pick up the lows as they approached from the
west, and to follow them as they passed to the north of the lake. The lower
two rows of the grid were included to allow for southerly passages of lows.
An examination by Irish and Platzman [4] of the track of each low associated
with the 31 cases that occurred from 1940 through 1959 where Lake Erie set=-up
exceeded 8 feet showed that in 27 cases the storms originated west of the
Mississippi River. The location of low centers for the 27 cases at the time
of maximum set-up is shown in figure 5., Their study also pointed out that
the mean position of low centers at the time of peak set-up, denoted by A
in figure 5, is located about 350 miles north and slightly east of the center
of Lake Erie,



An examination of thirty storm cases during the period 1940 through
1959 showed that the change in lake level height at Buffalo during a one-hour
period was 2 feet or greater in 14 of the storm cases. In 21 of the 30
storm cases,less than 3 hours elapsed between the time of the rise to the peak
surge and the fall to normal water level. If the surge is not forecast every
hour, the peak surge could easily be missed. We therefore made the decision
to forecast the surge every hour.

Sea-level pressure charts are available every three hours. However, it
would be more practical and economical if the computerized method used sea-
level pressure as six-hour intervals, since regular NMC output of the PE
model is for six-hour intervals.

Ten storms which occurred during the period 1940 through 1959 were used
in deriving two sets of regression equations. A set of three regression
equations was derived from sea-level pressure data at three-hour intervals,
while a second set of six regression equations was derived from sea-level
pressure data at six-hour intervals. .

The set of regression equations which used pressure at three-hour
intervals was derived in the following manner. Since the lake levels were
recorded every hour, while the pressure data from sea-level pressure charts
were available only at three-hour intervals, the lake level data were
divided into three groups, namely:

(1) The lake levels that occurred at the same time as the pressure;
(2) The lake levels that occurred one hour after the pressure;
(3) The lake levels that occurred two hours after the pressure.

The pressures at three-hour intervals at the 25 NMC grid points, each with
lag times O through 36 hours, were screened for each of the three lake level
groups.,

The lake level data were divided into six groups for the derivation of
the set of regression equations based on the pressure at six-hour intervals.
The pressure at six-hour intervals at the 25 NMC grid points, each with lag
times O through 36 hours, were screened for each of these six lake level
groups.

The manner in which the predictors were screened is outlined below.

1) 8S = A) +BX
2) SS = A, + BX +CX,
3) SS = Ay + BX, + CX, + DX,
4 = X
) SS=A +BX +C X .. ... +NK

wher? SS is storm surge, Ab, A%, A3, etc., are constants, Xl, XZ’ X3, etc. are
predictors, and Bl’BZ’Cl’ 9 tc, are regression coefficients.,



The procedure is to select the single predictor X, for equation 1 which is
best in explaining the variance of the storm surge. The second regression
equation contains the first predictor X. and the predictor X. that contributes
most to explaining the residual variance of storm surge aftef the first pre-
dictor is considered, This process is continued until the reduction in vari-
ance attained by additional predictors is not significant or until the desired
number of predictors is Included [8]. We selected as our cutoff point the
screening step where the additional reduction of variance was less than one
percent,

The storm surge at Buffalo was computed by using pressure at three-hour
and six-hour intervals. In all cases the computed storm surge for the two
methods was about the same. Figure 6 shows the results of the two methods
when applied to three storm Surge cases. The following conclusion is based
upon comparison of the results of the two methods. A set of six regression
equations using pressure at six-hour intervals yields about the same results
as a set of three regression equations using pressure at three-hour intervals.
Since we do not lose significant information by using pressure at six-hour
intervals, we decided to:

(1) Develop a computer technique that uses sea-level pressure data from
the PE model at six-hour intervals as input into a set of six
regression equations;

(2) Develop a manual technique that uses data from sea-level pPressure
charts at six-hour intervals as input into a set of six regression
equations.,

A new set of six regression equations was derived from a larger number
of storm cases. The six regression equations were derived from hourly lake
level data and six-hour pressure at 25 NMC grid points for 19 storms which
occurred during the period 1940 through 1959, Separate computer runs clearly
indicated that the computer run which used current pressure data specified
the peak surge most accurately. Graphs of the observed and specified storm

The first variable selected in most computer runs was the pressure with
O hour lag at a grid point to the north or northwest of the lake. One of the
first variables selected lies in about the same position as the mean position
of the low centers denoted by A in figure 5. However, the pressures at grid

latest available pressure. The selection of these variables is in good
agreement with the movement of the lows toward the northeast as they pass to
the north of Lake Erie. The earlier pressures at points to the west of the
lake are the best predictors of the pressure at points to the north and
northwest of the lake. The second variable selected in all but one computer
run was a pressure point to the southwest of the lake. The first and second
variables selected defined a pressure gradient extending over the lake. This
pressure pattern explained the winds, which earlier studies have shown to be
the cause of stomm surge on Lake Erie.



OPERATIONAL TECHNIQUE

We chose the set of six regression equations which used pressure with
lag times of O through 36 hours as the set of regression equations to be used
in the Buffalo computerized technique. The set of regression equations was
derived from data of 19 storms, which included 148 six-hourly observations.
Each variable selected in the equations reduced the variance by at least one
percent.

A manual method, one that could be used by a Weather Bureau Forecast
Office, was developed by deriving a set of six regression equations from the
first six variables that were most often selected in the Buffalo screening
runs. We chose the six regression equations which contained the first five
variables selected by the screening run as the set of regression equations
to be used in the manual method.

The sets of regression equations for the computer technique and the
manual technique for Buffalo are given in Appendix A. The specified storm
surge at Buffalo, obtained by using each of these methods with the sea-level
pressure analyses, is shown with the observed storm surge at Buffalo for the
19 dependent and the 11 independent storms in figures 8 and 9. Included in
table 1 are the statistics for each of these methods for the 19 dependent
storms and the 11 independent storms.

Since the Toledo lake levels were tabulated only every even hour, only
three regression equations were derived for the Toledo forecasting methods.
The derivation of the set of Toledo regression equations was carried out in
the same manner as the Buffalo derivation. We used 15 storms, 148 six-hourly
observations in the derivation of the three equations. We chose the set of
three regression equations which used pressure with lag times of O through 36
hours as the set of regression equations to be used in the Toledo computerized
technique. '

A manual method was developed by deriving a set of three regression
equations from the first six variables that were most often selected in the
Buffalo and Toledo screening runs. We chose the three regression equations
which contained the first five variables selected by the screening run as
the set of regression equations to be used in the manual method.

Appendix B contains the sets of regression equations for the computer
technique and the manual technique for Toledo. The specified storm surge at
Toledo, obtained by using each of these methods with the sea-level pressure
analyses, is shown with the observed storm surge at Toledo for the 15
dependent and the 11 independent storms in figures 10 and 11. Statistics
for each of these methods, for the 15 dependent and the 11 independent storms,
are included in table 1. :

The agreement between the specified storm surge for Buffalo and Toledo
and the observed storm surge was very good in almost all cases.



TEST FORECASTS

Storm surge test forecasts for Buffalo and Toledo were made for four
storm surge cases with sea-level pressure as forecast by NMC's PE model. The
four storm cases were selected after reviewing lake level records for Buffalo
and Toledo. 1In each of the four cases the lake level was at least three feet
above the Buffalo monthly mean. All four cases occurred in December 1968 and
January 1969, Sea-level pressure forecasts from NMC's archived data tapes
were used to forecast the storm surge at Buffalo and Toledo,

We feel that the most important forecast period for the Buffalo and
Toledo storm surge is the forecast period 13 to 24 hours in advance. Hourly
storm surge test forecasts for Buffalo and Toledo 13 to 24 hours in advance,
and the storm surge estimated by using sea-level pressure analyses for the
four storm cases are shown in figures 12 and 13. Table 1 contadns statistics
for the four storm cases.

The maximum storm surge at Buffalo on December 5, 1968,was underforecast.
The underforecasting of the storm surge is due primarily to the storm surge
forecast equations, since the specified storm surge was also much lower than
the observed storm surge. The storm surge forecast equations did not forecast
the maximum storm surge because the low pressure system associated with the
surge approached Lake Erie from the northwest., However, the test forecasts
valid after 1400 on December 5 were much better since the path of the low
then approached the paths of the lows in the developmental data.

The test, forecasts for the December 29 storm surge were very good until
0800 December 29. At this time the equations forecast the surge to be 4.8
feet at Buffalo, while the observed surge was 0,1 feet. Since the surge
specified by observed pressures at this time was 3.5 feet, we can attribute
only part of the storm surge forecast error to the error in the sea~level
pressure forecast. The remainder of -the error is due to the storm surge
forecast equations. 1In almost all of the developmental cases, the lows tra-
veled between 30 and 40 mph in the six-hour period following the peak surge,
In the December 29 case, the low traveled 65 mph during that six~hour period.
The faster traveling low caused the lake level to return to normal much sooner
than usual, and, therefore, the equations overforecast the surge during this
period.

The best storm surge test forecasts were for the two cases which were
most similar to the developmental data, December 23 and January 1. In the
cases where the lows approached from a different direction (December 3) or
moved at a different speed (December 28), the forecasts were not good. Al~-
though the maximum storm surge was not forecast well in two of the four cases,
the trend of the storm surge was forecast. We feel that a forecast of the
trend of the storm surge would be a very useful guide to a Weather Bureau
Forecast Office,



CONCLUSTION

Tests on the dependent sample, the independent sample, and the four case
sample indicate that a meaningful storm surge forecast for Buffalo and Toledo
could be made by computer. Input inte this computer model would be sea-level
pressure as forecast by the PE model. We feel that a forecast of the storm
surge at Buffalo and Toledo 13 to 24 hours in advance would be useful to the
Weather Bureau Office concerned with such forecasts. Therefore, we plan to
make comparative tests of this method against other available methods to
determine if implementation of this method is desirable.
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SS(1)

SS(2)

Ss(3) =

SS(4) =

Ss(5) =

APPENDIX A
Sets of Regression Equations for Buffalo
Computer Technique
11.4 -0.0390 P(12)_6 -0,0100 P(3)O + 01573 P(12)_12
-0,0644 P(4)_24 -0.1770 P(ll)O + 0,0856 P(2)0 + 0,0316 P(22)_24

-0.0542 P(2)_24 -0,0593 P(13)_12 + 0.1190 P(7)0

~1.1 + 0.0150 P(17), -0.0614 P(4), -0.1874 P(13) ¢
#0.1255 P(9)_, + 0,0140 P(13) ;, =0.0733 P(5) ;¢
40,0179 P(24)_, -0.0792 B(2)_,, + 0.0753 B(7)_,,
-0.1208 P(11), + 0.0980 P(12) ,, + 0.1443 P(3),

+0,0966 P(12)_6 -0.0628 P(ll)_18

-16.5 -0,0015 P(17)0 + 0,0022 P(4)O -0.2265 P(13)_6
+0.0596 P(13)_12 + 0.1377 P(13%)-0.2436 P(12)O
+0.2078 P(12)_6 + 0.1406 P(7)O -0.0293 P(24)_36

-0.0814 P(11)_, -0.0783 B(5) ;4 + 0.0706 P(5)

-23,3 -0,0848 P(17)0 + 0.0463 P(23)_36 - 0.1101 P(4)0
-0,0727 P(8)_6 + 0,2091 P(3)0 + 0.2308 P(12)'_6
-0.1106 P(12)0 - 0,0597 P(5)_24 + 0.0929 P(18)0

-0,1219 P(13)_6 + 0,1001 P(4)_6 -0.0722 P(ll)O -0.0242 P(Zl)_30

-21.6 - 0.1072 P(12), + 0.1085 P(3), + 0.1800 P(12) ¢
- (5) -
0.0581 P{(5), gt 0.0248 P(24) 5. =0.1057 P(13)

-0.0865 P(11)0 + 0,0656 P(9)_6
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SS(6) = 7.1 - 0.1225 P(12), + 0.1279 P(4), + 0.0627 P(12) _,
-0.0927 P(5) . =0.0432 P
(5)_1q 32 P(14) ¢ + 0.0233 P(24) ,

-0.0461 P(2)_18 + 0.0840 P(8) 12

Manual Technique

SS(1) = 3.5 - 0.1040 P(12)_, + 0.1133 P(3) ) + 0.0810 P(12) ,,
-0.0570 P(4)_24 -0.0367 P(13)-6

S§S(2) = 0.3 - 0.0463 P(17)O + 0.0629 P(4)0 -0.1470 P(13) 6
+0.0806 P(13)0 + 0.0498 P(17)_6

§s(3) = -3.7 -0.0031 P(17)0 + 0.0710 P(4)O -0,1986 P(13) é
+ 0.0722 P(13)_12 + 0.0624 P(13)0

Ss(4) = 33.5 -0,0060 P(17)0 - 0.0309 P(4)O - 0,1353 P(3)_6
+ 0.2109 P(3)0 - 0.0717 P(12)O

Ss(5) = -10.1 - 0.1576 P(12)0 + 0.1626 P(3)0 + 0.1055 P(12)_6
-0.0513 P(5)_;5 - 0.0493 P(13) .

SS(6) = 1.2 -0.1147 P(12)0 + 0.1089 P(4)O + 0.1044 P(12)__6

-0,0486 P(5)_ o - 0.0510 P(13) ¢

Where SS(T) is the storm surge in tenths of feet, valid T hours after the
verifying time of the latest pressure forecast used in the storm surge
equation, and P is the sea-level pressure in millibars at the indicated
grid point, The subscript is the time lag in hours.
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APPENDTX B
Sets of Regression Equations for Toledo
Computer Technique
SS(2) = 17.6 - 0.0124 P(12)_6 -0.0137 P(5)O + 0.1301 P(13)_6
-0,0812 P(9)_6 + 0,0468 P(8)_12 =0.1967 P(8)_.18
-0,0207 P(Zl)_36 + 0.0597 P(8)_24 + 0,1642 P(9)_18

-0.0408 P(19) 4 -0.0632 B(5)_,,

SS(4) = 19.2 + 0,1347 P(13)_6 -0.1074 P(A)O - 0.1236 P(17)_6
-0.0224 P(21)_36 + 0.0599 P(21)O + 0.03% P(9)_18
SS(6) = 9.5 + 0.0616 P(13)_6 + 0,0396 P(S)0 - 0.1102 P(13)_12
- -0.1222 P(4
0.0213 P(21)_36 + 0.0347 P(9)_24 ( )0
+ 0.0943 P(9)_12 + 0,0758 P(13)0 - 0,0625 P(10)_6
Manual Technique
SS(2) = -18.5 -0.0453 P(12)_6 + 0,0111 P(S)0
+ 0.1027 P(13)_6 -0.1244 P(4)0 + 0,0732 P(3)_12
SS(4) = 18.3 + 0,1108 P(13)_6 - 0.1199 P(4)O - 0,0378 P(17)_6
-0,0154 P(17)_36 + 0.0435 P(3)_6
SS(6) = 9.8 + 0.1784 P(13)_6 -0.0773 P(5)0 -0.1426 P(13)_12

+0.0494 P(13)_ o -0.0182 P(12)_,.

Where SS(T) is the storm surge in tenths of feet, valid T hours after the
verifying time of the latest pressure forecast used in the storm surge
equation, and P 1s the sea-level pressure in millibars at the indicated
grid point. The subscript is the time lag in hours,



TABLE 1.

PRESS

CORR

RMSE

PRESS

CORR

RMSE

STORM SURGE STATISTICS FOR BUFFALO AND TOLEDO.

DEPENDENT SAMPLE

Computer  Manual
Method Method
Analyses  Analyses
0.83 0.79
0.77 0.81
1596 1596

DEPENDENT SAMPLE

Computer  Manual
Method Method
Analyses Analyses
0.84 0.81
0.80 0.86
630 630

BUFFALO

INDEPENDENT SAMPLE

Computer  Manual
Method Method
Analyses Analyses
0.81 0.82
0.84 0.82
864 864

TOLEDO

INDEPENDENT SAMPLE

Computer  Manual
Method Method
Analyses  Analyses
0.76 0.78
1.30 1.31
456 456

*
FOUR CASE SAMPLE

Analyses +12 and +18

0.80 0.76
1.00 1.10
211 211

*
FOUR CASE SAMPLE

Analyses +12 and +18
0.80 0.71
1.28 1.39
106 106

The forecasts valid at the following times were used in determining the
statistics for the four case sample:

(1)
(2)
(3)
(4)

0200 Dec. 4, 1968 through 0100 Dec. 6, 1968,

1200 Dec. 22, 1968 through 1500 Dec. 24, 1968,

0600 Dec. 27, 1968 through 0600 Dec. 29, 1968,

0100 pec. 31, 1968 through 0500 Jan. 2,

1969.
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STORM SURGE AT BUFFALO
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**7r Specified by Computer Method
—— Specified by Manual Method

= RMSE Computer Methoc
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@)

6 0CT |95/ 7 7

Figure 8,--Specified and observed storm surge at Buffalo for
dependent data cases,
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STORM SURGE AT B
INDEPENDENT DATAUFFALO

Observed
------ Specified by Computer Method
Specified by Manual Method
C = RMSE Computer Method
F = RMSE Manual Method

| JAN, 1948 2 3

Figure 9.--Specified and observed storm surge at Buffalo for
independent data cases.
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STORM SURGE AT TOLEDO
DEPENDENT DATA
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------ Specified by Computer Method
- NS —— Specified by Manual Method
8 C = RMSE Computer Method

13 JAN. 1950 14 15 6 F = RMSE Manual Method

Figure 10,--Soecified and observed storm surge at Toledo for
devendent data cases,
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STORM SURGE AT TOLEDO
INDEPENDENT DATA
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o F = RMSE Manual Method
1
20 FEB 1953 21 22 23

Figure 11,--Specified and observed storm surge at Toledo for
Independent data cases,
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